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Purpose: The present study was conducted to compare dosimetric parameters for the heart and left
lung between free breathing (FB) and deep inspiration breath hold (DIBH) and determine the most
important potential factors associated with increasing the lung dose for left-sided breast radiothera-
py using image analysis with 3D Slicer software.

Correspondence: Materials and Methods: Computed tomography-simulation scans in FB and DIBH were obtained
Mehdi Momennezhad, PhD from 17 patients with left-sided breast cancer. After contouring, three-dimensional conformal plans
Nuclear Medicine Research Center, were generated for them. The prescribed dose was 50 Gy to the clinical target volume. In addition to
Mashhad University of Medical the dosimetric parameters, the irradiated volumes and both displacement magnitudes and vectors for
Sciences, Pardis-e-daneshgah, Vakil the heart and left lung were assessed using 3D Slicer software.
Abad Blvd, Mashhad, Iran Results: The average of the heart mean dose (D,,,,) decreased from 5.97 to 3.83 Gy and V,; from
Tel: +98 513 8002 328 7.60% to 3.29% using DIBH (p < 0.001). Furthermore, the average of D,,,, for the left lung was
Fax: +98 513 8002 328 changed from 8.67 to 8.95 Gy (p = 0.389) and V,, from 14.84% to 15.44% (p = 0.387). Both of the
Email: momennezhadm@mums.ac.ir absolute and relative irradiated heart volumes decreased from 42.12 to 15.82 mL and 8.16% to
3.17%, respectively (p < 0.001); however, these parameters for the left lung increased from 124.32 to
ORCID: 223.27 mL (p < 0.001) and 13.33% to 13.99% (p = 0.350). In addition, the average of heart and left
http://orcid.org/0000-0002-1509-0446 lung displacement magnitudes were calculated at 7.32 and 20.91 mm, respectively.

Conclusion: The DIBH is an effective technique in the reduction of the heart dose for tangentially
treated left sided-breast cancer patients, without a detrimental effect on the left lung.
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Introduction benefit in the reduction of cancer-specific mortality, radiotherapy

is known to cause cardiovascular disease and lung cancer, especial-
Radiotherapy after breast-conserving surgery removes microscopic ly in patients with left-sided breast cancer [2,3]. The rate of isch-
disease in the conserved breast; therefore, it diminishes the risk of ~ emic heart disease increases linearly by 7.4% for each increase of 1
local recurrence and distant metastasis among patients. As a result, Gy in the mean heart dose [4]. As there is no threshold dose below
it improves the survival rate among them [1]. However, despite its which the side effects cannot occur; therefore, in recent years,
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there has been a lot of efforts to decrease the delivered dose to the
organ at risks (OARs) as much as possible [2,4-6].

Deep inspiration breath hold (DIBH) is one of the methods used
for the above-mentioned purpose. It is a simple and effective
technique in decreasing the heart dose without compromising the
coverage of target volume in patients with left-sided breast can-
cer [5]. In DIBH, the heart simply moves posteriorly and inferiorly
due to lung expansion and diaphragmatic movement; as a result,
the distance between the heart and irradiated areas, such as the
breast and chest, increased leading to a reduction in the irradiated
heart volume and its dose [2,7,8]. Although this technique reduces
the heart dose [7-12], it seems that there are challenges in the re-
duction of lung dose with DIBH [13]. Despite the results of many
studies showing the reduction of the ipsilateral lung dose [2,7,11,14],
there are reports of no significant difference and even increasing the
left lung dosimetric parameters using DIBH [8,15-20].

Therefore, the primary aim of this study was to compare the dosi-
metric parameters of the heart and left lung between free breathing
(FB) and DIBH. In the second place, the present study determined the
most important potential factors associated with increasing the lung
dose in left-sided breast radiotherapy with the calculation of various
parameters, such as the irradiated volume and displacement of the
lung, during DIBH in patients with left-sided breast cancer using im-
age analysis with 3D Slicer software (version 4.10.1, Brigham and
Women's Hospital, Boston, MA, USA) [21].

Materials and Methods

1. Patient selection
This study was carried out on 17 patients with early left-sided
breast cancer who referred for postoperative radiotherapy follow-
ing undergoing breast-conserving surgery during 2017-2019. The
subjects enrolled in the present study voluntarily and signed the
informed consent before the computed tomography (CT) simula-
tion. These patients should be capable of holding their breath for
at least 20 seconds.

This study was approved by the Institutional Review Board of
Mashhad University of Medical Sciences (No. 970830).

2. CT scan

In the CT simulation, two scans were acquired with 5 mm slice
thickness that was the first scan in FB and another in the DIBH
state. The patients were scanned in the supine position using a
breast board while their left arm was placed above the head. To
perform DIBH, a novel system was used as a house respiratory
gating system [22]. This system uses the CD22-100AM122 dis-
tance meter laser sensor. The laser was adjusted between the
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xiphoid process and umbilicus at a distance of 10 cm to the body
surface. This distance is changed by respiration, and then, these
changes are detected in the output of the sensor. As a result, the
respiratory signal is displayed on the monitor. Firstly, the patient
was requested to breathe in and out and then breathe deeply.
When a stable deep inspiration level was acquired, the upper and
lower thresholds were placed on the respiratory signal for the de-
termination of the gating window. Moreover, the gating window
was adjusted to 5 mm. Finally, the patient was asked to breathe
deeply and put the respiratory signal in the gating window and
keep it for approximately 20 seconds; therefore, the CT image was
acquired at this time.

3. Treatment planning

The clinical target volume (CTV) and OARs, including the heart and
left lung, were contoured by an oncologist. The prescribed dose
was 50 Gy in 2 Gy daily fractions to the CTV. It was delivered by
the three-dimensional conformal technique with two opposing 6
MV tangential fields and additional subfields. In the treatment
planning, at least 95% of the CTV should be covered by the 95%
isodose lines. In addition, hotspots up to 107% of the prescribed
dose were acceptable. After planning, central lung distance (CLD)
and lung length (LL) were calculated in the medial field. The CLD
refers to the distance between the edge of the lung contour and
tangential field border in the central axis on a digitally recon-
structed radiograph; however, LL refers to the vertical distance of
the lung, which is vertically placed in the radiation port [23].

4. Image analysis

In the current study, 3D Slicer software (version 4.10.1) was used
for the calculation of the parameters, including the irradiated
heart and left lung volumes, as well as the displacement values,
for them during DIBH.

5. Irradiated volumes of heart and left lung

In this study, the absolute and relative irradiated volumes for the
heart and left lung were calculated for FB and DIBH separately.
For instance, the method of the calculation of the irradiated left
lung volume in DIBH was completely described as it follows.

For this purpose, the CT image, RT Structure, and RT Plan were
loaded into the software platform. Then, the Segmentation mod-
ule was used for the creation of the left lung model. After that,
the lung model and radiation fields were imported into the seg-
mentation created by the segmentation module.

The intersection between the left lung model and each of the
radiation fields were obtained by the Segment Editor module. The
irradiated volumes in the medial and lateral fields were added to-
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gether by which the total left lung volume was acquired in the ra-
diation fields. Finally, the Segment Statistics module was used for
the calculation of the numerical value of this irradiated volume. In
addition, to estimate the relative irradiated volume, the absolute
irradiated volume was divided into the total volume. As shown in
Fig. 1, the irradiated volumes of the heart and left lung were cal-
culated in the FB and DIBH states.

6. Calculation of displacements for heart and left lung
during DIBH

In the present study, the numerical values of the displacement
were calculated for the heart and left lung between two FB and
DIBH states. For instance, the methods of calculating the magni-
tude of the left lung displacement and displacement vectors in
different directions (i.e., anterior-posterior [AP], right-left [RL], and
superior-inferior [SI]) were completely described as it follows.

1) Magnitude of displacement

Firstly, the CT images and RT Structures were loaded into the soft-
ware platform. After that, the Segmentation module was used for
the creation of the left lung models for FB and DIBH separately.
For the calculation of the displacement field, the left lung models
had to be registered between the FB and DIBH states using the
Segment Registration module. Following that, all displacement
magnitudes were obtained by the Transforms module. Finally, the
Segment Statistics module was used for the calculation of the av-
erage value of displacement magnitudes.

2) Displacement vectors in SI, AP, and RL directions
For obtaining the displacement vectors in the AP, RL, and SI direc-
tions, the left lung models were registered as before. After that, the

Fig. 1. Irradiated volumes in tangential fields: (A) heart and (B) left
lung. FB, free breathing; DIBH, deep inspiration breath hold.
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deformable left lung was imported into the segmentation created
by the Segmentations module. The out regions of the left lung
should be blanked to have the displacement vectors only in the de-
formable left lung. For this purpose, the Segment Editor module
was used in this study. The result of this step was displacement
vectors only for the deformable left lung renamed to the masked
displacement field. The masked displacement field was saved and
then extracted its components in the AP, RL, and Sl directions by a
self-written program in Python programming language followed by
the calculation of their mean values in any directions. Furthermore,
the differences between the parameters in DIBH and FB plans were
calculated for each patient. These differences (AX) were calculated
at Xpey — Xep. After that, AX was normalized to the X that resulted
in A'X and expressed as percentage.

7. Statistical analysis

A comparison between the parameters for FB and DIBH plans was
performed using a paired sample t-test in SPSS version 22.0 (SPSS
IBM, Armonk, New York, USA). These parameters included the
Dineant Vaor Vosi Viger View CLD, and LL. In addition, Pearson correlation
coefficient was used to determine the correlation between the left
lung A'Dpesn With the AV, AV, A'CLD, and A'LL. p-value less
than 0.05 was considered statistically significant. Finally, the aver-
age of mean displacement magnitudes, as well as vectors in SI, AP,
and RL directions, were calculated in this study.

Results

As shown in Table 1, DIBH was associated with a significant re-
duction in the heart dosimetric parameters (p < 0.001); however,
there was no statistically significant difference in the left lung do-
simetric parameters (p > 0.05). The average of the heart D, re-
duced from 5.97 to 3.83 Gy with DIBH. Similarly, the mean of V,
decreased from 7.60% to 3.29%. The average of left lung D,
was changed from 8.67 Gy (FB) to 8.95 Gy (DIBH). In addition, the
mean of V,, was obtained 14.84% with FB and 15.44% by DIBH.
The average of CLD significantly increased from 2.18 to 2.47 cm
with DIBH (p < 0.001). Moreover, LL significantly increased from
14.12 cm for FB to 18.05 cm for DIBH (p < 0.001).

1. Irradiated volumes of heart and left lung
The results of Table 1 show that the mean of heart V,,, significant-

ly decreased from 42.12 to 15.82 mL using DIBH (p < 0.001).
Similarly, heart V,, decreased from 8.16% to 3.17% (p < 0.001).
For the left lung, V,, significantly increased from 124.32 mL with
FB to 223.27 mL by DIBH (p < 0.001). Furthermore, V., was
changed from 13.33% with FB to 13.99% by DIBH (p > 0.05). As
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Table 1. Comparison of dosimetric parameters, CLD, and LL between FB and DIBH plans in patients with left-sided breast cancer

Parameter FB DIBH Paired difference relative changes (%) p-value
Heart
D,y ear (GY) 597 + 2.0 3.83 + 1.40 -2.14,-35.85 <0.001
V5 (%) 7.60 £ 4.10 3.29 = 2.64 -4.31, -56.71 <0.001
V. (mL) 42.12 + 2954 15.82 + 15.46 -26.30, -62.44 <0.001
V.., (@) 8.16 + 4.62 3.17 + 2.69 -4.99, -61.15 <0.001
Left lung
D, car (GY) 867 + 2.32 895 + 1.79 0.28,3.23 0.389
V,, (%) 14.84 + 497 15.44 + 3.85 0.60, 4.04 0.387
Vs (ML) 124.32 + 55.76 223.27 £ 79.41 98.95, 79.59 <0.001
V., (%) 13.33 + 5.31 13.99 + 4.10 0.66, 4.95 0.350
CLD (cm) 2.18 £ 0.62 247 + 0.64 0.29, 13.30 0.001
LL (cm) 1412 + 1.83 18.05 + 1.73 3.93, 27.83 <0.001

Values are presented as mean + standard deviation.

CLD, central lung distance; LL, lung length; FB, free breathing; DIBH, deep inspiration breath hold; D,,,,, mean dose; VX, relative volume receiving >X

Gy; V,,,, absolute irradiated volume; V,, relative irradiated volume.
Significant differences with p < 0.05.

Table 2. Pearson correlation coefficient between A'Dmean and other parameters for left lung

AV, (%)

AV, (%)

A'CLD (%) N'LL (%)

A'Dyeg (%) r = 0.815, p < 0.001

r =0.932,p < 0.001

r = 0,693, p = 0.002 r=0.143,p = 0.667

A'X (%), percentage of changes in X parameter; D,,,, mean dose; V,,, absolute irradiated volume; V., relative irradiated volume; CLD, central lung

distance; LL, lung length.
Significant correlations with p < 0.05.

shown in Table 2, there was a significant correlation between A'D
with both of the A'V,, and A'V,. Moreover, the correlation be-
tween the A'D and A'CLD was significant (p = 0.002); however,
the correlation between A'D and A'LL was not significant (p =
0.667).

2. Displacements for heart and left lung during DIBH
As shown in Table 3, the average of mean displacement magni-
tude for the heart was 7.32 mm. In addition, the maximum value
for the mean of heart displacement vectors was in the inferior di-
rection. The average of the mean displacement magnitude for the
left lung was 20.91 mm. Moreover, the maximum values for the
mean of left lung displacement were in the SI directions.

Discussion and Conclusion

The results of the present study demonstrated the ability of DIBH
in the reduction of the heart dose in patients with left-sided
breast cancer as reported in previous studies [7-12]. However,
similar to some reports, the collected data of the present study did
not show the protective effect of this technique on the left lung
[8,15-20]. In the present study, the average of the heart D,,,, and

https://doi.org/10.3857/r0}.2019.00654

Table 3. Average of mean displacement magnitude and mean dis-
placement vectors in different directions

Parameter Heart Left lung

Mean of displacement magnitude 732 £ 245 2091 £ 503

Displacement direction
Meang, (mm) 333+ 1.83 7.55 + 3.02
Mean,,;, (mm) 3.15 + 1.47 470 £ 1.25
Means, e, (MM) 193 + 1.06 1000 + 2.87
Mean,, .., (MM) 243 + 1.17 5.03 + 2.30
Meang, e, (MM) 212 + 1.75 1461 + 522
Mean, ¢, (Mm) 489 + 173 13.66 + 536

Values are presented as mean + standard deviation.
MeanX, average of mean displacement in X direction.

V,s significantly decreased using DIBH. Also, the absolute and rel-
ative irradiated volumes of the heart significantly decreased by
this technique. In DIBH, the left lung expansions in different direc-
tions pushed the heart away from the radiation fields and irradi-
ated areas that is the most important reason for the reduction of
irradiated heart volume and dose.

Jensen et al. [24] reported that the average of the heart D,,,, de-
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creased from 3 Gy with FB to 2 Gy by DIBH. In addition, they ob-
served that the average of the heart V,; decreased from 3.3% (FB)
to 1.0% (DIBH). Sung et al. [25] demonstrated that the average of
the heart D,,,, decreased from 5.9 Gy with FB to 3 Gy in DIBH.

Hayden et al. [8] reported that the irradiated heart volumes
were 36.9 mL (FB) and 2.1 mL (DIBH), which were smaller than the
results of the present study. In addition, in a study carried out by
Sung et al. [25], the irradiated heart volumes were reported as
41.7 and 12 mL for FB and DIBH, respectively, which were almost
consistent with the findings of the present study. The differences
between contouring and patient anatomy lead to higher dosimet-
ric parameters of the heart, compared to those in other studies.
The smaller lung volume in Asian women in comparison to that in
non-Asians might lead to a lower distance between the left ven-
tricle and chest wall, which explains the higher irradiated heart
volume in this study [7,26].

The maximum value for the mean of heart displacement vectors
was in the inferior direction due to lung inflation and diaphrag-
matic movement that results in the greatest heart displacements
in this direction.

Although the results of previous studies have shown that the
mean heart dose reduces with DIBH [7-12], there are still some
discrepancies in the left lung dosimetric parameters using this
technique. In some studies, it was demonstrated that lung Dy
significantly reduced with DIBH [2,7,11,14]. However, in some
studies, the lung dose was not significantly changed or even in-
creased [8,15-20]. In the present study, it was observed that using
DIBH led to an increase in the lung dose for some patients.

The obtained results of the present study showed that the abso-
lute and relative irradiated volumes of the left lung increased using
DIBH; however, the increase of relative irradiated volume was not
significant. Also, Sung et al. [25] demonstrated that the average of
irradiated lung volume increased from 155.1 mL (FB) to 253.5 mL
(DIBH). Although, the results of some studies have shown that in
the DIBH technique, the relative irradiated volume decreases de-
spite increasing the absolute irradiated lung volume [2,12], Never-
theless, the results of the present study revealed that the relative
irradiated volume increased in some patients. This volume was
higher in DIBH than that in FB in almost all patients of the present
study whose lung dosimetric parameters increased with DIBH.
Therefore, it is expected to increase the dosimetric parameters of
the left lung, if the relative irradiated volume increases.

Overall, discrepancies in the left lung dosimetric parameters
among the studies are related to various factors, such as differ-
ences in the patient anatomy, contouring, treatment planning, and
treatment methods.

The CLD is a parameter that can be used for the prediction of
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the irradiated lung volume in the tangential fields. The CLDs of 1.5,
2.5, and 3.5 cm can approximately predict 6%, 16%, and 26% of
the ipsilateral lung, respectively, that would be included in the
tangential fields [27]. The results of the patients in the present
study were almost consistent with these values. Furthermore, the
average of mean displacement of left lung magnitude in the pres-
ent study was 20.91 mm. In addition, the maximum values of the
mean displacement were acquired in Sl directions and following
that anterior direction.

In a study conducted by Oechsner et al. [28], the mean of dis-
placement magnitude for the left lung was reported as 20.80 mm.
Moreover, they calculated the mean of displacement in three di-
rections, including left (1.5 mm), anterior (16.0 mm), and inferior
(12.2 mm). According to the results of the present study and col-
lected data, the averages of the left lung displacement magnitude
in the two studies are completely similar. Nevertheless, in the
aforementioned study, the anterior displacement is greater than
the other two directions. However, in the present study, the maxi-
mum values of the mean displacement vectors were acquired in
the superior and inferior directions and after that in the anterior
direction. Their patients were trained to do chest breathing, al-
though the patients in the present study were not trained to per-
form specific breathing that is an important reason for differences
between the results of the two studies.

According to the potential factors that result in the increased
left lung dosimetric parameters using DIBH, it seems that lung
displacement into the irradiated areas is the most important fac-
tor. As shown in Fig. 2, the anterior displacement of the lung had
the greatest effect on displacement toward the CTV. In addition,
while performing DIBH, the parts of the lung outside the radiation
field are placed in the field, as shown in Fig. 3. When the left lung
moves toward the radiation fields, the absolute irradiated volume,
as well as, the relative irradiated volume, increased, which result-
ed in an increase in the lung dosimetric parameters.

As shown in Table 2, by assessing the correlation of the lung
A'D with other factors, such as A'V,,,, A'V,,, A'CLD, and A'LL, there
was a significant correlation between A'D with both A'V,, and
A'V,. The lung dosimetric parameters, such as D,.,, and V,, can
increase by rising the irradiated lung volume, especially V.. More-
over, there was a significant correlation between A'D and A'CLD.
As previously mentioned, CLD is associated with irradiated lung
volume. The increase in the CLD leads to an increase in lung V,
and consequently V,, for some patients. Therefore, lung Dyean in-
creased in these cases. However, the significant correlation was
not observed between A'D and A'LL. It is argued that among some
patients in the present study, the left lung cranio-caudal move-
ment had no significant effect on their dose reduction, and the
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Fig. 2. Representation of displacement vectors for one of the patients with increasing left lung dosimetric parameters during deep inspiration

breath hold: (A) axial, (B) sagittal, and (C) coronal.

fter Displacemnt

Fig. 3. The A-G point positions of the left the lung relative to the radiation fields: (A) before displacement and (B) after displacement.

anterior displacement was a more important factor in lung dose.
Even in some of them, the upward and downward movements
were greater than the anterior ones.

In addition, special attention should be given to patient anato-
my that can be considered an effective factor in lung dose. Factors
such as breast size and CTV, which determine the size of the radi-
ation fields, as well as the chest shape can be considered effective
factors in the lung dose. As Chilukuri et al. [29] reported in their
abstract that the mean of the lung V,,significantly decreased in
patients with a curved chest wall (12% vs. 19%; p = 0.001); how-
ever, the mean of lung V,, was acquired 21% versus 22.3% in pa-
tients with a flat chest wall (p = 0.78). According to the heart
and lung dosimetric parameters, they concluded that patients
with a curved chest wall obtained a significant benefit from DIBH.

In general, with respect to the dosimetric parameters of the

https://doi.org/10.3857/r0}.2019.00654

heart in the present study, all of the patients in this study could
benefit from the DIBH technique, especially the subjects with
large irradiated heart volume in the FB plan. Nevertheless, the re-
sults of the current study revealed that the DIBH technique did
not necessarily decrease the lung dose. Based on the various fac-
tors, such as patient anatomy, including chest shape, breast size,
direction of the lung displacements, as well as contouring and
treatment planning, the lung dose can be varied in different pa-
tients, as shown in Fig. 4.

Considering the heart dosimetric parameters, Joo et al. [7] re-
ported that patients with long maximum heart distance (MHD)
and small lung volume have highly benefited from this technique.
However, it is required to perform further studies for the determi-
nation of the anatomical parameters that affect both the heart
and lung dose reduction and lead to the selection of patients most
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Fig. 4. Left lung dose-volume histograms for 2 patients: (A) dose reduction and (B) increasing the lung dose by deep inspiration breath hold

(DIBH). FB, free breathing.

likely to benefit from the DIBH technique.

Another strategy for the improvement of heart sparing in breast
cancer treatment is intensity-modulated radiation therapy. In this
technique, due to using more radiation fields, the normal volumes
that occur in the radiation fields increase, which results in the in-
crease of the normal tissue low-dose exposure. In addition, in this
technique, due to the healthy tissues and

CTV proximity, normal tissues occur in most radiation fields. De-
spite the reduction in the high-dose area, the low- and medi-
um-dose regions in the heart and lung increase [2,30] that can
raise the dosimetric parameters of OARs for some patients, as re-
ported in some studies [31-34]. However, the high-dose regions in
the heart could decrease without these additional increases in the
low- and medium-dose areas using DIBH [2]. Nonetheless, the
lung dose can be different in various patients with this technique.

As a result, in comparison to FB, DIBH is a more effective tech-
nique for the reduction of the heart dose, which is sometimes as-
sociated with increasing the left lung dosimetric parameters.
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